Abstract Secondary minerals in volcaniclastic deposits at Minna Bluff, a 45 km long peninsula in the Ross Sea, are used to infer processes of alteration and environmental conditions in the Late Miocene. Glassy volcaniclastic deposits are altered and contain phillipsite and chabazite, low to high-Mg carbonates, chalcedony, and clay. to 43 C) and stability of zeolites in geothermal systems (>10 to $100 C).
Introduction
The alteration of glass-rich volcaniclastic rocks (e.g., hyaloclastites) has been studied in order to understand the style and mode of eruption, the environment in which the materials are deposited, and postdepositional processes of alteration. The glass in hyaloclastite, or in any vitric-rich volcanic material, is thermodynamically unstable and readily hydrates and devitrifies at temperatures 200 C to form, in general order of occurrence (for mafic-intermediate rock compositions), palagonite, clay minerals (e.g., smectite, kaolinite), zeolites, and carbonates [Fisher and Schmincke, 1984; Stroncik and Schmincke, 2002] . The alteration is a globally significant process whose study has led to major constraints on geochemical cycles involving interaction between seawater and the oceanic crust [Staudigel et al., 1995; Walton and Schiffman, 2003; Walton et al., 2005] and the contributions of altered oceanic crust to mantle source reservoirs for volcanism [Geldmacher and Hoernle, 2000; Kelly et al., 2006] . In addition, the hydrothermal alteration of terrestrial deposits by meteoric water has been used to better understand paleoenvironments and climate [Dallai and Burgess, 2011] with applications to the study of Mars [Bishop et al., 2002; Greenberger et al., 2012] . The geochemistry of secondary minerals, in particular zeolites and carbonates, formed in volcaniclastic deposits have been used to distinguish seawater from freshwater sources [B€ ohlke et al., 1980; Johnson and Smellie, 2007] and to better understand physiochemical conditions during alteration [Jakobsson and Moore, 1986; Passaglia et al., 1990; R evillon et al., 2007; Renac et al., 2010] .
Volcaniclastic deposits at Minna Bluff, a 45 km long volcanic peninsula extending southeast into the Ross Sea in Antarctica (Figure 1 ), provide an excellent opportunity to investigate conditions of alteration and to evaluate the use of secondary minerals as monitors of past environments. The deposits were formed in a variety of subaerial and subaqueous environments by direct volcanic activity or locally reworked by mass wasting, fluvial and glacial events . Minna Bluff was active between the Late Miocene ($12 Ma) and the Early Composite aerial photograph of a well-exposed cliff section at Minna Hook that consists of alternating ''dry'' lava and breccia deposits with ''wet'' lobe hyaloclastite unconformably overlain by sediments and dome lavas.
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Pliocene ($4 Ma), which coincides with a period of dynamic climate change [Passchier et al., 2011; Naish et al., 2009; McKay et al., 2009; Wilson et al., 2012] . In addition, Minna Bluff acted as a significant barrier to regional ice flow from the south [Kyle, 1981; Denton and Marchant, 2000; Wilson and Demosthenous, 2000; Talarico and Sandroni, 2009] and thus has played an important role in the glacial history of this region of Antarctica.
Geology of Minna Bluff
Field mapping, geochemistry, and 40 Ar/
39
Ar geochronology document a complex history at Minna Bluff that includes over 200 eruptive episodes from numerous overlapping volcanic centers as well as at least four major hiatuses in volcanic activity. Volcanic centers which comprise the older (12-8 Ma) Minna Hook area at the southeastern end of the peninsula (Figure 1 ) are revealed in well-exposed cliff sections and consist of alternating lavas, volcaniclastic deposits, and domes ranging in composition from basanite to phonolite . In contrast, basaltic scoria cones and associated lavas dominate the younger (8-4 Ma) central and northwestern portions of the Minna Bluff peninsula . It is proposed that Minna Bluff first formed as an island (Minna Hook) followed by the migration of activity to the northwest forming the peninsula that terminates in an area that is now beneath the younger Mt. Discovery volcano (J. R. Ross et al., manuscripts in preparation, 2014) .
The Minna Hook stratigraphic succession includes alternating deposits of subaerial and subaqueous lava and volcaniclastic lithofacies which are exposed in cliffs that rise from near sea level to over 1000 m elevation . The subaerial lithofacies include abundant tabular 'a' a lava and associated reddened autobreccia. The subaqueous lithofacies are characterized by quenched pillow or lobe-shaped lava and associated yellow to buff colored, variably palagonitized hyaloclastic breccia (Figure 2a ). It has long been hypothesized that the subaqueous environment was created by volcano-generated glacial meltwater [e.g., Wright-Grassham, 1987] . Primary types of volcaniclastic rocks at Minna Bluff are dominated by autoclastic and hyaloclastic deposits, with minor pyroclastic deposits [cf. White and Houghton, 2006] . Rare epiclastic sediments occur as thin (typically <2 m thick) layers on unconformities within the primary volcanic sequences and consist of heterolithic mixtures of mildly recycled juvenile clasts and lithic volcanic clasts deposited by debris flow, fluvial and glacial events .
The stratigraphic transitions from subaqueous to subaerial lithofacies (i.e., passage zones) are not well defined and consist of a zone of rocks that exhibit both subaqueous and subaerial characteristics. Such illdefined passage zones are typical of 'a' a lava delta sequences, where 'a' a lavas flow from a subaerial to a subaqueous meltwater lake environment [Smellie et al., 2013] . The alternating subaqueous and subaerial stratigraphic pattern and lack of thick delta and subaqueous sequences suggest that the eruptions occurred beneath relatively thin ice cover or in contact with small rapidly drained ice sheets indicating a wet-based thermal regime Smellie et al., 2014] . The fact that hyaloclastites and other volcaniclastic deposits have limited vertical extent (<50 m) suggests that magma-water interactions during volcanic activity at Minna Bluff were relatively isolated, sporadic, and short-lived events.
The ages of the volcaniclastic deposits investigated in this study are based on 40 Ar/ 39 Ar geochronology [Fargo, 2009; Wilch et al., 2011; J. R. Ross et al., manuscripts in preparation, 2014] . The dating was performed on mineral (sanidine and kaersutitic amphibole) and groundmass concentrated from lava lobes, pumice, and lava clasts within volcanoclastic deposits. There are three types of ages provided in Table 1 : ages directly from the deposits (n 5 17), ages bracketed between dated overlying and underlying deposits (designated by both a greater than and a less than age; n 5 6), or ages that are from deposits situated either above or below a dated deposit (designated by either a greater than age or a less than age; n 5 18). No ages are listed for four samples because these samples are from sequences that lack age constraint. These four undated samples presumably date to the 12-4 Ma time span of Minna Bluff eruptions. It is important to note that the samples used to directly date the volcanoclastic deposits are not the matrix samples used in this study to investigate alteration history, however, both matrix and dating samples were collected from the same volcanoclastic deposit.
Analytical Methods

Sample Selection and Microscopy
A total of 45 samples from Minna Bluff were evaluated in this study. Samples were selected based on the presence of secondary minerals as well as their spatial representation within the stratigraphy and time span Geochemistry, Geophysics, Geosystems relative to the total duration of volcanic activity at Minna Bluff (Table 1 and Figure 1 ). Twenty-three of the samples are classified as hyaloclastites, 15 are from other primary volcaniclastic deposits (e.g., autoclastic breccia, pyroclastic lapilli tuff), and 6 samples are from epiclastic deposits. The samples range from matrix supported to clast supported and include both monomictic and polymictic varieties (Figure 2 ). Clasts range from ash/sand to lapilli/pebble in size, have textures that range from aphanitic to porphyritic, and are nonvesicular to highly vesicular (scoriaceous; Figure 2 ).
Standard microscopic techniques were used to describe the lithology of the clasts and matrix, including a first-order identification of secondary minerals and their parageneses. Secondary minerals were formed in several open-space types, including vugs, fractures, vesicles, and intergranular voids. In this study, vugs in lava clasts are defined as large (>1.0 mm), irregular-shaped, partially to fully enclosed cavities. Vesicles are defined as smaller (<1.0 mm) cavities in lava clasts that are more spherical in shape. Intergranular voids [Fargo, 2009; Wilch et al., 2011 [ (J. R. Ross et al., manuscripts in preparation, 2014 . Ages are based on dating the deposit or from dating stratigraphically lower or higher deposits, giving less than and/or greater than ages, respectively. The ages that directly date the deposits were determined on samples collected from the same deposit but are not the same samples used in this study. The precision of the ages are at one standard deviation (1r) and correspond to the analytical and statistical errors on plateau age spectra or on the weighted mean age of selected heating steps. Relative abundance of secondary minerals: phillpsite (ph), chabazite (chz), carbonates (c), chalcedony (chd), dickite (dk), siderite (sd), and rhodochrosite (rhd).
Geochemistry, Geophysics, Geosystems Five of the samples were also analyzed using gas source mass spectrometers that have been specially modified for the analysis of multiply substituted isotopologs of CO 2 and are integrated with a fully automated systems for carbonate sample digestion in phosphoric acid, purification of the resultant CO 2 , and introduction [Eiler, 2007; Huntington et al., 2009; Tripati et al., 2010] . Typically analyses of two unknown samples and three standards were performed each day. Both carbonate standards and ''heated gases'' were analyzed. Heated gases are composed of CO 2 with a stochastic distribution of isotopes between isotopologs. Gases with different bulk d
18
O and d 13 C ratios in quartz breakseals are heated to 1000 C for 2 h and then quenched at room temperature. These standard gases are then purified and analyzed using the same protocol as sample gases. Standards are also used for the calculation of sample D 47 values, which is the parts per thousand excess of CO 2 isotopologs with a mass of 47 amu (as compared to 44 amu in a sample) and a hypothetical sample with same bulk isotope composition but a stochastic distribution of isotopes amongst all isotopologs of CO 2 . Typical precision is 0.009& (1 s.e.), equivalent to about 2 C [Eiler, 2007; Huntington et al., 2009; Tripati et al., 2010] although better precision can be attained through the analysis of clean sample gases and extensive replication. The 13 C-
O thermometer does not require prior knowledge of the concentration of 18 O in the water since the calculated parameter (D 47 ) is correlated to the inverse square of the temperature. Isotope ratios were determined both relative to a stochastic distribution [Ghosh et al., 2006] and on the absolute reference frame of Dennis et al.
[2011] based on the analysis of water-equilibrated CO 2 .
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The temperature calibration published in Ghosh et al. [2006] is used to determine mineral formation temperatures.
Oxygen and Hydrogen Isotopes on Silicates
Two whole-rock basalt clasts and 11 samples of chalcedony from individual vugs from a mineralized breccia specimen (MB-07-132) were analyzed for oxygen and hydrogen isotopes at the University of Oregon using CO 2 -laser fluorination and TCEA integrated with MAT253 mass spectrometer [Bindeman, 2008; Bindeman et al., 2012] . For oxygen isotopes, $1 mg single chunks cut by microsaw were loaded in a vacuum chamber together with standards and reacted in the presence of BrF 5 reagent to liberate oxygen gas. The gas generated in the laser chamber was purified through a series of cryogenic traps held at liquid nitrogen temperature, and a mercury diffusion pump was used to remove traces of fluorine gas. Oxygen was converted to CO 2 gas in a small platinum graphite converter, the yield was measured, and then CO 2 gas was analyzed on a MAT 253 mass spectrometer. Six garnet standards (UOG d 18 O 6.52&) were analyzed together with the unknowns during analytical sessions. Samples were not pretreated overnight but rather a series of short pretreatments were performed. Sample yields ranged from 8 to 15 mol/mg suggesting that some opaline silica reacted with the reagent. However, no correlation of yield versus d 18 O value was observed, suggesting that the reaction was largely congruent, although it is possible that the OH portion of the opaline silica reacted preferentially explaining 0.4& lower d 18 O value of standards. Current investigation of d 18 O yield dependency on hydrous silicic glasses suggests maximum 0.4& upward shift with yield decreasing from 100 to 20% in this lab. Thus, the bias for minimal 50% yield of studied opaline silica standards was likely to For hydrogen isotope analysis of opaline silica, 5 mg single chunks that were cut adjacent to chunks used for O isotope analysis were crushed and sieved to size fractions less than 300 lm and greater than 50 mm, which is shown to be the best size range to extract water [Bindeman et al., 2012] . The samples, ranging from 3.6 to 5 mg, were loaded in silver cups, vacuum dried overnight at 150 C, and then immediately loaded into the He-purged carousel. The analyses were done using TCEA-MAT253 system by thermal pyrolysis into CO and H 2 gas using glassy carbon furnace held at 1450 C. We concurrently used three standards of mica spanning the D/H range of the unknown. The 3 H factor correction was performed in the morning and the data reduction included adding 25& to the value of the unknowns based on repeated measurement of the mica standard. Errors on water were better than 0.05 wt % and on dD better than 2.5& on single measurements. 
Results
Hypocrystalline lava fragments and pyroclasts in all samples have a very similar primary (i.e., magmatic) mineral makeup. Phenocrysts in varying abundances consist of olivine, clinopyroxene, plagioclase, magnetite, and amphibole in vitric groundmasses that have been variably palagonitized. The mineral assemblage is characteristic of unaltered mafic compositions from other deposits at Minna Bluff [Scanlan et al., 2008; Dunbar et al., 2008; Panter et al., 2011] . Secondary minerals occur as intergranular cement and line open spaces within or surrounding clasts (Figure 3 ). Zeolites were initially identified in thin section based on morphology and later confirmed by XRD analyses. Zeolites that display a radial morphology are phillipsite and those with pseudocubic, rhombohedral forms are chabazite. Both zeolites are found in some samples (n 5 8), other samples contain only phillipsite (n 5 19) or only chabazite (n 5 9). In a few samples zeolites show pronounced dissolution textures (n 5 4) or are absent altogether (n 5 6). Carbonates are present in all samples but varying in abundance and type, often showing very fine concentric zoning patterns (Figures 3a  and 3d-3f ) or as open-space fillings (Figure 3h ). The most common carbonate textures are fibrous, prismatic, and microcrystalline types. Dogtooth-shaped carbonate crystal structures are also present in several samples ( Figure 3e ). Two other secondary minerals, dickite (a kaolin polymorph) and chalcedony, occur but are rare. In general, vug and vesicle fillings have a greater amount of chabazite and carbonates while fractures and interclast voids contain more phillipsite.
Mineral Paragenesis and Temperatures of Formation
The growth history of secondary minerals in altered volcaniclastic deposits at Minna Bluff is complex and includes occurrences of systematic as well as of nonsystematic variations in parageneses and chemistry. Phillipsite is most often found as the innermost mineral that line open spaces. Subsequent layers consist of either chabazite and/or carbonates (Figures 3b and 3h ). Carbonates occur throughout the paragenetic sequence but most often form the final fill in open spaces with the exception of a few samples where the final filling mineral is chalcedony or dickite. For example, chalcedony forms the outer layer in vugs after magnesite in a mineralized breccia deposit (MB-07-132, Figure 3c ) whereas dickite fills interclast voids after zeolite in a lapilli tuff . Dickite is also found as the final fill in vesicles within lava clasts from another deposit of lapilli tuff (MB-06-656, Figure 3g ). [Boschi et al., 2009] . The temperature stability range of chalcedony in hydrothermally altered basalts is reported as $10-150 C [Apps, 1983; Jakobsson and Moore, 1986; Morteani et al., 2010; Gysi and Stef ansson, 2012] , and the clay mineral dickite is reported to be transformed from kaolinite when temperatures are greater than 120 C [Reyes, 1990; Ehrenberg et al., 1993] . Table 2 . These alkali zeolites are classified following Coombs et al. [1997] as chabazite-K(Na) and phillipsite-K(Na). The ratio of (Na 1 K)/Ca is highly variable for phillipsite (range 0.9-181.0 and mean 5 56.1 6 42. Table 3 . [Antibus, 2012] . The fine concentric zoning patterns revealed under cathode luminescence are seldom truncated by re-growth. This, along with the fact that euhedral, terminated, carbonate structures are often the final filling in open spaces (Figures 3-3f and 5), strongly suggests that dissolution and reprecipitation by fluids unrelated to the primary phase of alteration was rare.
Geochemistry, Geophysics, Geosystems
Chemistry and Zoning in Zeolites and
Isotopic Signatures of Secondary Minerals
Oxygen and carbon isotopes were measured on carbonates in 13 samples ( Geochemistry, Geophysics, Geosystems Figure 6 . The inner layer of magnesite in mineralized breccia sample MB-07-132 has a higher d 18 O (6.11&) than the outer layer (3.81&). In contrast, the inner layer of dolomite from a vug in sample MB-06-700 has only a slightly heavier d 18 O value but a noticeably lower d 13 C value than the outer layer of dolomite ( Figure 6 ). Differences in oxygen isotopes were also noted between carbonate layers within the same sample but from different areas and open-space types (e.g., MB-07-013 and MB-06-567; Figure 6 ). Figure 7 . Plot of Si/Al versus (Na 1 K)/Ca ratios for phillipsite and chabazite from Minna Bluff (Table 2) and James Ross Island, Antarctica [Johnson and Smellie, 2007] . Also shown for comparison is the lower range in Si/Al ratios determined for phillipsite formed by the alteration of volcanic glass in saline alkaline lake environments [Sheppard and Fitzpatrick, 1989; Surdam and Eugster, 1976 ].
Geochemistry, Geophysics, Geosystems processes and water types [Walton and Schiffman, 2003; Johnson and Smellie, 2007; Marks et al., 2010] . Magnesium-rich carbonates (e.g., dolomite and magnesite) can precipitate from seawater [Major and Wilber, 1991; Carpenter et al., 1991] , saline lake water [Larsen, 2008; Fl€ ugel, 2010] as well as in hydrothermal environments not associated with volcanic systems [Shah et al., 2012] . However, the composition of carbonates in Minna Bluff volcaniclastic deposits are similar to carbonates reported from volcanic activity-induced hydrothermal systems [Jakobsson and Moore, 1986; Renac et al., 2010] and, morphologically, often show dogtooth-shaped crystal forms (Figure 3e ) that are indicative of volcanic-related hot spring type environments [Fl€ ugel, 2010] . Fluids with elevated CO 2 contents can mobilize Ca, Mg, and Fe, and at lower temperatures, these fluids can precipitate Ca-Mg-Fe carbonates [Destrigneville et al., 1991; Gysi and Stef ansson, 2012] . The formation of Mg-rich carbonates at Minna Bluff is a likely consequence of high magmatic CO 2 contents in the alteration fluids. This is a reasonable hypothesis given the levels of CO 2 measured in melt inclusions from other alkaline volcanic rocks (basanite to phonolite) in the Erebus Volcanic Province as well as the high CO 2 emission rates measured at the currently active Mount Erebus volcano [Wardell et al., 2004; Oppenheimer et al., 2011] . [Stewart, 1975; Kellogg et al., 1991; Fitzsimons et al., 2012] .
This difference and the implication for the reconstruction of past climate in this region will be discussed below.
Strontium isotopes also provide a highly sensitive indicator of water type [Dennison et al., 1998; Barbieri and Morotti, 2003; Marcano et al., 2009] . Unlike oxygen isotopes, the incorporation of Sr into carbonate structures is not temperature dependent. Sr ratio in freshwater will reflect the isotopic composition of the rocks being altered [Fisher and Stueber, 1976] . Thus, the water source can be determined directly by measuring the carbonate 87 Sr/ 86 Sr ratio [Tucker and Wright, 1990] . Middle Miocene to modern seawater values range from 0.7086 to 0.7092 [Faure and Mensing, 2005] and alkaline volcanic rocks in the Erebus Volcanic Province, which are similar in major and trace element composition to those at Minna Bluff, have whole-rock values that range from 0.7029 to 0.7050 [Kyle, 1990; Kyle et al., 1992; Panter et al., 2003; Sims et al., 2008; Rilling, 2009; Martin et al., 2013] . The 87 Sr/
86 Sr values measured in this study (0.7027-0.7043; Table 4 ) are in the range expected for carbonates precipitated by fresh meteoric waters that has exchanged only with local volcanic rocks. It should be noted, however, that for rock-dominated systems (i.e., low water to rock ratios) the Sr isotopic composition of the volcanic deposits may obscure the original signature of the interacting fluid. Nonetheless, these results, together with the highly depleted oxygen values calculated for carbonates, favor an original freshwater source for the alteration fluids.
Zeolites mostly formed before carbonates during the alteration of volcanoclastic deposits at Minna Bluff. Johnson and Smellie [2007] use (Na 1 K)/Ca ratios measured on phillipsite and chabazite to distinguish seawater from freshwater alteration of hyaloclastite deposits at James Ross Island, Antarctica. They employed previously published zeolite compositions from known terrestrial and marine environments to delimit the two water sources. They conclude that alteration by seawater produced phillipsite and chabazite with Geochemistry, Geophysics, Geosystems (Na 1 K)/Ca ratios greater than 3.0 and 1.0, respectively, and alteration by freshwater produced zeolites with alkali ratios below those values. The application of this chemical proxy for the water type responsible for the formation of zeolites at Minna Bluff would suggest that all chabazite and nearly all phillipsite were formed from seawater ( Figure 7 ). But we consider this to be highly unlikely given, in part, to the fact that zeolites with high (Na 1 K)/Ca ratios occur at all elevations, including deposits that lie well over 700 m asl.
In summary, the physical, chemical, and isotopic evidence indicates that the alteration of volcaniclastic deposits at Minna Bluff is the result of interactions between meteoric water (e.g., melted snow and ice) and highly reactive volcanic glass. Therefore, we can assume that the geochemical and isotopic variability of carbonates and zeolites is primarily the result of changing physiochemical conditions during their formation (e.g., temperature, pH, total dissolved solids) and not related to changes in water source type.
Alteration Environment
A simple, coherent, synthesis of the alteration history of volcaniclastic deposits at Minna Bluff is not possible. This is because the alteration of each deposit is considered to have occurred as an isolated, short-term hydrothermal episode with heat and water supplied either directly during the quenching and granulation of magmas (i.e., hyaloclastites) or by newly erupted volcanic material emplaced in close proximity to wet sediments. This premise is supported by field observations that record the sporadic and spatially restricted occurrences of these deposits (Figure 1 ) as well as the absence of extensive zones of alteration and lack of mineralized halos along faults that cut through the well-exposed stratigraphy at Minna Hook. Additionally, the poor correlation (r 2 < 0.4) of geochemical indices for alteration with stratigraphy, elevation, and age [Antibus, 2012] also suggests that the alteration occurred as isolated events. Furthermore, the occurrence of phillipsite as a single chemically homogeneous layer, often forming the innermost lining in cavities, supports its growth during the earliest stage of alteration; i.e., not a product of a later or unrelated phase of alteration. Weathering is also not considered to be a significant factor based on the dearth of carbonate dissolution features (as discussed above). Finally, the high formation temperatures estimated for zeolites, Mg-rich carbonates, and chalcedony, and the polar to subpolar conditions that have existed since their formation, all indicate that they are primary alteration phases.
Small-scale circulation implies a more limited water supply and hydrothermal systems that are rockdominated. A simple, quantitative estimate of the proportion of water to rock is calculated for mineralized breccia (sample MB-07-132; Figures 2c and 2d) using the measured d
18
O of altered basalt (3.1 and 3.5&, Table 4 ) an estimate of unaltered basalt (5.5-6.0&), modern water values for McMurdo Sound (225 to 235&), and Taylor's [1977] equations for isotopic equilibration between rock and water in both open and closed hydrothermal systems. The models predict low water to rock ratios (w/r < 1) for temperatures of exchange between 25 and 100 C. Higher temperatures of alteration (>90 C), and consequently very low water to rock ratios (w/r $ 0.15), are estimated using the quartz-calcite thermometer of Sharp and Krischner [1994] and, empirically, by the absence of chabazite and phillipsite, and presence of magnesite. Temperatures much over 100 C exceed the stability limits of these zeolites and can explain their absence in this sample (MB-07-132) as well as in other deposits. Following this thread of reasoning, fluid boiling or high rates of evaporation at or near the surface would lead to the loss of CO 2 and increase the pH thus promoting Mg-carbonate precipitation which, in turn, increases silica activity and precipitation of chalcedony after magnesite (e.g., Figure 3c ). Higher temperatures of alteration are also implied for two other deposits (MB-06-656 and MB-07-172) based on the occurrence of the clay mineral dickite, which replaces kaolinite at temperatures in excess of 100 C [Reyes, 1990; Ehrenberg et al., 1993] .
The alteration of volcaniclastic deposits by hydrothermal meteoric water at low water to rock ratios will produce zeolites with high (Na 1 K)/Ca ratios (Figure 7 ). Phillipsite and chabazite compositions with high (Na 1 K)/Ca ratios have been reported in basaltic lavas that have been hydrothermally altered by seawater [e.g., B€ ohlke et al., 1980; Johnson and Smellie, 2007, and references therein] and in vitric tuffs altered by saline, alkaline lake waters at lower temperatures [e.g., Hay, 1978; Surdam and Sheppard, 1978; Larsen, 2008] . The (Na 1 K)/Ca composition of chabazite and phillipsite from Minna Bluff have very similar (Na 1 K)/Ca ratios to those precipitated from lake water associated with closed hydrological systems [Hay, 1964; Surdam and Eugster, 1976; Sheppard and Fitzpatrick, 1989] but with much lower Si/Al ratios ( Figure 7 ). In contrast, zeolites that are formed in open hydrological systems tend to favor calcium-rich zeolite species [Ibrahim, 2004] which do not occur at Minna Bluff. In lake environments zeolites can form in relatively short periods of time (e.g., 1000 years) [Hay, 1964 [Hay, , 1966 and in the case of volcanic-induced hydrothermal conditions may take as little as 6 months to just a few years [Jakobsson and Moore, 1986; Jakobsson and Guomundsson, 2012] . This reaffirms our earlier conclusion that the alteration at Minna Bluff occurred during, or very soon after, the formation of each deposit.
Volcaniclastic facies formed by local interactions between volcanic activity and surficial water sources or glaciers involves the complex interplay of eruptive, depositional, and hydrological processes [Smellie, 2000] , all of which promote a dynamic environment for alteration. The hydrothermal alteration of tephra and volcaniclastic sediments at Minna Bluff occurred under variable conditions with respect to temperature and fluid chemistry. This is evident in the broad compositional range of carbonates and zeolites (Figures 5-7) and their diverse textures (Figure 3 ). Complex chemical zoning in carbonates revealed by cathode luminescence (Figures 3d, 3e , and 5) suggests that these small, closed hydrologic systems may have fluctuated between oxic and more anoxic conditions [Carpenter and Oglesby, 1976; Barnaby and Rimstadt, 1986; Horbury and Adams, 1989] . Larsen [2008] interpreted differences in the chemistry and the paragenesis of secondary minerals found in altered tuff within a saline lake to be the result of episodic influx of freshwater. At Minna Bluff we envisage rapid and dynamic changes in the physical and chemical conditions during alteration that would be expected for episodic volcanic activity in terrestrial environments where water is readily available but finite (e.g., melting of thin, local ice caps or snowfields). Although it is difficult to constrain the specific cause of the variations in secondary minerals at Minna Bluff, rapid changes in fluid chemistry in response to temperature fluctuations and sudden input/release of magmatic gases (e.g., CO 2 ) are expected in a rockdominated, small-scale, eruption-induced, hydrothermal system.
Implications for Paleoclimate
If secondary minerals were precipitated from the same meteoric waters that were involved in the original formation and deposition of the glass-rich volcaniclastic materials, and the oxygen isotopic composition of that water can be determined, then variations in the d 18 O of the water may provide information on past Antarctic climates, as dD has recently been used [Feakins et al., 2012] . We propose that carbonates in volcaniclastic deposits at Minna Bluff can provide a proxy for paleoclimate that is independent of other climate records from this region.
Since it is critical to know the temperature at which the minerals formed to determine the oxygen isotope composition of the waters that precipitated them, we compare the measured d O of magnesite (sample MB-07-132) may be explained by 18 O-enrichment from evaporative distillation [Kralik et al., 1989; Schroll, 2002] . The Blattner, 1985; Scott, 2004] , it is more likely a consequence of steam loss from hot spring geothermal waters generated by volcanic activity.
Calculated d
18 O water for calcite/LMC and dolomite/HMC are plotted against age and compared to glacial regimes derived from the AND-1B and AND-2A drillcores in Figure 10 . While the age of the volcaniclastic deposits from Minna Bluff are reasonably well constrained (Table 1) , the age of the drillcores are not as well constrained over the same time interval [Acton et al., 2008; Di Vincenzo et al., 2009; Wilson et al., 2012] , and therefore the age comparison is tenuous. Nevertheless, it is intriguing to note that there is a broad shift from lighter to heavier water values that corresponds with the change from colder to warmer glacial regimes (Motif 1 ! 3) as predicted by O-enrichment back to the meteoric water line in Figure 9 which yields an initial d 18 O water around 225&. The intersection with the meteoric water line coincides with the heavier end of the range for modern meteoric waters from the McMurdo Ice Shelf [Kellogg et al., 1991; Fitzsimons et al., 2012] and is indicative of polar conditions for that time. Smellie et al. [2014] use the same glaciovolcanic sequences, which include the hyaloclastite deposits in this study, to reconstruct paleoice conditions at Minna Bluff and for other Neogene (<12 Ma) glaciovolcanic sequences in Victoria Land. Their results indicate polythermal regimes that range from wet-based to coldbased ice conditions in different regions at roughly the same time. This is in contrast with other studies that call upon a step-wise transition to cold-based conditions everywhere sometime after the middle Miocene [e.g., Lewis et al., 2007] . Specifically, Smellie et al. [2014] conclude that over the period 11.5-9 Ma the basal ice conditions at Minna Bluff were warmer (''thawed based'') than at the AND-1B and AND-2A drillsites. Their [Friedman and O'Neil, 1977; Kawabe, 1979; Sharma et al., 2002] . Note that the two samples of magnesite (Figure 8d (Table 1) .
Geochemistry, Geophysics, Geosystems interpretation appears to disagree with our conclusion that the prevailing conditions were similar; that is, the change from polar to subpolar conditions at AND-1B was roughly contemporaneous and in agreement with the change in oxygen isotopes at Minna Bluff (Figure 10 ). However, our results do not preclude a difference in base conditions for glacial ice but suggest only that the climate in this region changed uniformly, as would be expected given the proximity and moderate paleoelevation difference ( 1000 m) between these two areas. We interpret the warmer basal conditions described by Smellie et al. [2014] as a consequence of high local heat flow associated with the Minna Bluff magmatic system. The influence of recent subglacial volcanic activity on ice flow in Marie Byrd Land, West Antarctica, has also been used to infer wet-based conditions in a polar environment [Blankenship et al., 1993; Corr and Vaughan, 2008; Lough et al., 2013] and has important implications for glacial modeling and climate history.
Our use of carbonate oxygen isotopes from volcanic deposits as a geochemical proxy for paleoclimate is exploratory. But we consider the results presented here to be intriguing and warrant further evaluation and possible application in Antarctica and elsewhere. The fundamental criteria that are necessary to help substantiate the use of this technique include (1) terrestrial glaciovolcanic sequences that preserved lithofacies and architecture to reconstruct ice thickness and extent at the time of volcanism, (2) authigenic carbonates in volcanoclastic deposits that were formed during or soon after deposition, (3) high-precision dates to constrain the age of those deposits, and (4) reliable carbonate formation temperatures. Limitations and uncertainties for each criterion have been discussed in this paper, however, inherent in the first is the assumption that the ice melted during eruption and alteration is in equilibrium with the contemporaneous climate. Hence the melting of older ice, such as that found at the base of thick continental ice sheets, may yield information on paleoclimate but not necessarily for the time period determined by the eruption age.
Conclusions
Secondary minerals formed in hyaloclastites and volcaniclastic sediments are used to reconstruct physiochemical conditions of alteration and interpret paleoenvironments synchronous with volcanic activity at Minna Bluff, Antarctica, between 12 and 7 Ma. From this study we have drawn the following main conclusions:
1. Secondary minerals were precipitated within open spaces (e.g., vesicles, vugs, fractures, interclast voids) by fluids during or soon after the formation of volcaniclastic deposits. The alteration of each deposit is considered to have occurred as an isolated, short-term hydrothermal episode with heat and water supplied either directly during the quenching and granulation of magmas (i.e., hyaloclastites) or by newly erupted volcanic material emplaced in close proximity to wet sediments. 2. Secondary minerals consist of zeolites most often followed, paragenetically, by carbonates. Zeolites display radial (phillipsite) and pseudocubic to rhombohedral (chabazite) morphologies and strongly alkaline [(Na 1 K)/Ca >10] compositions similar to zeolites found within closed hydrological systems. Carbonates consist of calcite, low and high Mg-calcite, dolomite, and magnesite, and are compositionally similar to those found in active volcanic-hydrothermal systems. 5. Field and compositional evidence lead us to conclude that the alteration involved rapid and dynamic changes in the physical and chemical conditions associated with episodic volcanic activity in a terrestrial environment where water was readily available but of finite supply (e.g., melting of thin, local ice caps or snowfields). Ar geochronology [Fargo, 2009; Wilch et al., 2011; Ross et al., manuscripts in preparation, 2014] (Table 1) . Sample ages are either dates that were measured directly from the deposits (n 5 6), or bracketed between dated overlying and underlying deposits (n 5 4), or based on the age of deposits situated either above or below a dated deposit (n 5 6). Error bars are determined for 1r. Note that for many of the samples the error bars lie within the box symbol. Variations in glacial thermal regime and climate (i.e., polar, frozen based versus subpolar, thawed based) over the period of time that the deposits were formed at Minna Bluff are based on information derived from sedimentary sequences recovered from nearby drill cores (AND-1B [McKay et al., 2009] and AND-2A [Passchier et al., 2011] Figure 4 are available in Table S1 of supporting information and data supporting Figure 7 are available in Table S2 of supporting information.
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